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SUMMARY 

Measurements were made of the flow f i e l d  behind a rectangular and 
a t r i a n g u l a r  wing of aspect r a t i o  2 up t o  angles of a t t a c k  of 30'. 
-AIAgs had a &-inch semispan and were 5 percent t h i c k  with maximum th ick-  
ness a t  midchord. 
Reynolds nunber cf 3.12 x i 1 2 . 5 ~ ~  pr font,,  Fiow-fi?ld zcc isurem~nts  
were taken f o r  wing angles of a t t a c k  of Oo, 6O, 20°, and 30°. 

The 

Tests were performed a t  a Mach nvmber of 2.46 arid a 

The downwash, sidewash, Mach number, and dynamic pressure i n  t h e  
wakes of both wings s r e  compared w i t h  t h e  predict ions of various theore t -  
i c a l  methods. The r e s u l t s  show t h a t  f o r  angles of a t t a c k  up t o  20' these 
flow quant i t ies  can be calculated w i t h  s u f f i c i e n t  accuracy f o r  most 
engineering purposes. 

The measured downwash, dynamic pressure, and Mach number i n  t h e  
wake of the  rectangular wing were used t o  estimate t h e  effect iveness  
of a hypothetical  t a i l  placed a t  various heights above and below t h e  
chord plane of the  wing. 
shock-expansion theory t o  determine the required flow q u a n t i t i e s .  
two calculat ions of t h e  t a i l  effectiveness are i n  f a i r  agreement. 

The effectiveness w a s  a l s o  computed using 
These 

INTRODUCTION 

The determination of the  s t a b i l i t y  and control  of high-speed 
a i r c r a f t  operating a t  high a l t i t u d e s  and Mach numbers requires knowl- 
edge of t h e  flow f i e l d  behind wings over a wide range of angles of 
a t tack .  Most of t h e  previous experimental inves t iga t ions  of t h e  
flow f i e l d  behind wings have been confined t o  r e l a t i v e l y  low angles 
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of a t tack (e.g. ,  refs. 1 and 2 ) .  A t  high angles of a t t a c k  (grea te r  

behind 8 rectarigular wing a t  a Mach number of 1.6 up t o  6' angle of a t tack .  

I * than 15') l i t t l e  experimental data  i s  avai lable .  
of the downwash, sidewash, Mach number,, and dynam3c pressure -were made 

The predictions of supersonic vortex theory agree reasonably wel l  with 
experimental r e s u l t s  i n  t h e  plane of the  wing but n n t  E ~ C Y :  CY " U ~ ~ U W  ii. 
IC Z-S~CYCZCE 2, fiuw-angle and pi tot-pressure surveys were made a t  s t a t i o n s  
r e l a t i v e l y  far (1.5, 3.0, and 4.0 chord lengths)  behind f i v e  pointed tipped 
wings of various plan forms f o r  angles of a t t a c k  from 9' t o  17'. The 
downwash and sidewash were compared with various t h e o r e t i c a l  methods. 
The agreement between experiment and theory w a s  good f o r  some plan forms 
but poor f o r  others.  

I n  reference 1, surveys 

.4 

The purpose of t h i s  paper i s  t o  present d e t a i l s  of the  flow f i e l d  
behind and near the  t r a i l i n g  edge of a rectangular and a t r i a n g u l a r  wing 
up t o  high angles of a t t a c k  and t o  assess  t h e  extent of a p p l i c a b i l i t y  of 
exis t ing theor ies  i n  predict ing the  flow-field charac te r i s t ics .  The 
theories a r e  f irst  assessed d i r e c t l y  by comparison of measured and theo- 
r e t i c a l  flow quant i t ies ,  then i n d i r e c t l y  by comparison of the  e f fec t ive-  
ness of a hypothetical  horizontal  t a i l  calculated by using both t h e  
measured and predicted flow quant i t ies .  

Y 

SYMBOLS .. 

C 

C R  

cL 

l o c a l  wing chord 

root chord 

l i f t  coef f ic ien t ,  - L 
qs  

a CL 

CL ' a 

L 

l i f t -curve  slope a t  l o c a l  conditions 

l i f t  -curve slope a t  f r e e  -stream conditions 

e f fec t ive  l i f t - c u r v e  slope of t a i l  (corrected f o r  l o c a l  
dynamic pressure and Mach number) 

l i f t  
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V 

M local Mach number 

M - mean Mach number across tail, sst M dy 2st 'St 

free-stream Mach number Mo3 

q local dynamic pressure 

free-stream dynamic pressure s, 

- 
q mean dynamic pressure across tail, 

S 

St 
n 
L2 

t 

X' 

a 

P 

r 

rT 

E 

- 
E 

wing semispan 

tail semispan 

plan-form area 

free-stream velocity 

Cartesian coordinates of wind axes measured from wing axis 
of rotation (see fig. 2 )  

distance behind leading edge of a typical wing section 
( s e e  fig. 1) 

angle of attack 

E 
circulation distribution 

total circulation 

downwash angle, deg 

weighted mean downwash at tail, 2 sst E q  dY 
2st; -St 

sidewash angle, positive outward, deg 

3 
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Subscripts 

C extended wing chord- 

t t a i l  

V vortex 

W wave 

W wing 

EXPERImNT 

Apparatus 

Models and support.- For these  tests semispan rectangular and 
t r iangular  wings of aspect  r a t i o  2.0 were used. Their dimensions 
and or ien ta t ion  with respect  t o  t h e  stream are shown i n  f igu re  1. 
The wings were mounted on a boundary-layer p l a t e  (which serves t o  
bypass the tunnel boundary l a y e r )  i n  t h e  Ames 1- by 3-foot supersonic 
wind tunnel No. 1 as shown i n  f igu re  2. Both wings were pi tched about 
axes passing through t h e i r  centroid of area.  
be var ied manually from outs ide t h e  wind tunnel .  

The angle of a t t a c k  could 

Instrumentation.- The flow-field surveys were made with a rake of 
f i v e  400 included-angle cones. Each cone had four  equal ly  spaced s t a t i c -  
pressure o r i f i c e s  on i t s  surface and a to ta l -pressure  o r i f i c e  a t  i t s  
apex. The d e t a i l s  of t h e  cones and the  rake a r e  shown i n  f igure  3. 
The pressures were measured by means of a multiple-tube manometer f i l l e d  
with tetrabromoethane. The measured pressures are used t o  determine t h e  
l o c a l  flow angles,  dynamic pressure,  and Mach number i n  the  manner of 
reference 3. The survey rake was attached t o  a wedge-shaped s t r u t  and 
mounted from a c i r c u l a r  support p l a t e  through one of t h r e e  rectangular  
ho les .  Each of t h e  holes  w a s  located a t  a d i f f e r e n t  dis tance from t h e  
center  of the p la te ,  thereby giving th ree  choices of longi tudina l  posi-  
t i o n .  The holes  not used were f i t t e d  with observation windows. A 
fourth hole loca ted  a t  t h e  center  of t h e  p l a t e  was f o r  observation pur- 
poses only, The l a t e r a l  and v e r t i c a l  pos i t ions  of t h e  rake were ad jus t -  
ab le  from outside t h e  wind tunnel .  
compensate f o r  t h e  l a r g e  downwash angles a t  high angles of a t t ack .  

The rake could be pi tched i n  order t o  
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Tests 

Test procedure.- The tests were conducted a t  a free-stream Mach 
number of 2.46 and a Reynolds number of 3.12 mil l ion per  foot .  
flow f i e l d  behind the  rectangular wing w a s  surveyed a t  the  streamwise 
s t a t i o n s  x/c = 0.56 and 1.10. These s ta t ions  were approximately 
1/4 inch and 2-1/2 inches, respectively,  behind t h e  wing t r a i l i n g  edge 
a t  zero angle of a t tack .  The t r iangular  wing w a s  surveyed a t  t h e  s t a t i o n  
x/cR = 0.55 only which w a s  approximately 1-3/4 inches behind t h e  wing 
t r a i l i n g  edge. 
Oo, 60 ,  20°, and 30'. 
range from 
l/k-inch increments. 
l/2-incb increments i n  most cases since t h e  flow var ia t ions  were expected 
t o  be s m a l l .  A t  high angles of a t tack,  where l a r g e  downwash angles were 
expected, t h e  survey rake was pitched upward t o  compensate f o r  t h e  l a r g e  
downwash angles. 

The 

Each of the  wings w a s  t e s t e d  a t  angles of a t t a c k  of 
A t  each angle of a t t a c k  grea te r  than zero t h e  

y/s = 0.125 t o  1.5 and 
A t  zero angle of a t t a c k  t h e  surveys were made i n  

z / s  = -1.25 t o  +1.25 w a s  surveyed i n  

The flow-field measurements i n  each of t h e  three  se lec ted  survey 
planes were made f i r s t  with only t h e  boundary-layer p l a t e  i n  t h e  wind 
tunnel.  The measurements were then regeated with t h e  wings i n s t a l l e d .  
The flow angles measured with t n e  wings removed were subtracted from 
t h n s ~  L A - "  - - measur-ed with the  v l z g e  ?resent .  T h t s  procedure corrected f o r  
t h e  presence of  stream angle and any s l i g h t  misalinement of t h e  cones. 
The average magnitude of these corrections w a s  approximately 0.25'. 

Precision of t h e  data.- The errors  i n  t h e  control led conditions are 
estimated t o  be as follows: 

Moo +o .01 

a kO.10 

X,Y,Z k O . 0 1  inch 

I n  a uniform stream the  instruments a r e  capable of measuring Mach 
number, dynamic pressure, and flow angles with t h e  precis ion tabulated 
as follows: 

tl.O percent M 

t1.0 percent 

E: and a +O .25O 



6 

3 
I n  t h e  wake of t h e  wing t h e  precis ion of t h e  instruments i s  influenced 
by such f ac to r s  as stream gradi_ent.s, shock wiives, and separat ion.  These 
e f f e c t s  tend t o  increase the  estimated e r ro r s .  A t  high angles of a t t a c k  
these  e f f ec t s  become l a rge  enough i n  some regions t o  inva l ida te  t h e  data. 
I n  t h i s  case the  curves a r e  e i t h e r  extrs;cktc2 f i -Gii i  r e i i a b i e  data o r  
omitted en t i r e ly .  

-4 

Results 

The downwash, sidewash, Mach number, and dynamic-pressure data 
f o r  both wings a r e  presented i n  contour p lo t s  i n  figures 4 through 22. 
I n  regions where t h e  data appeared questionable o r  have been extrap- 
olated,  t h e  contours are shown dotted.  
l i n e  represents t h e  best estimate.  I n  order t o  compensate f o r  t h e  
l a rge  downwash angles, t he  rake w a s  p i tched loo i n  some cases (see 
sketch ( a ) ) .  Because t h e  rake adjustments were i n  planes normal t o  
t h e  free-stream, each cone surveyed a d i f f e r e n t  chordwise pos i t ion .  
Since the streamwise gradients  of downwash, sidewash, dynamic pressure,  
and Mach number between t h e  planes surveyed by adjacent cones ( i . e . ,  
between points A and B i n  the  sketch)  were found t o  be small, t h e  
contours i n  each of t h e  planes were connected i n  order  t o  f a c i l i t a t e  
t h e  data presentat ion.  
t o  each wing i s  indicated on t h e  contour p lo t s .  

I n  e i t h e r  case the  dot ted 

--. 
The loca t ion  of each of these  planes r e l a t i v e  

I n  f igures  4 through 7 

4 r v e y  plane 

Sketch ( a )  



7 

/ normal t o  t h e  Z-axis i n  t h e  survey plane, i n  
cont ras t  t o  t h e  curved contours i n  the regions 

Boundary-layer plate c /  

vortex near t he  t i p  of t he  wing. 
the rpgf on of two -dimensional f l o w  
the  sidewash i s ,  of course, zero. 

In 

The dynamic-pressure r a t i o ,  
q/Q, and Mach number contours f o r  
t h e  rectangular  wing a r e  shown i n  
f igures  11 through 18. I n  t h e  vicin-  
i t y  of t h e  vortex core t h e  dynamic 
pressures and Mach numbers decrease 
markedly. A t  t h e  s t a t i o n  x/c = 0.56 
f o r  200 and 30' angles of a t tack ,  
there  e x i s t s  a wide region of l o w  
dynamic pressures and Mach numbers 
i n  t h e  wake (see,  e.g., f i g s .  13(a) 
and 14(a) )  which ind ica tes  t h a t  t h e  
flow separates  before reaching the  
t r a i l i n g  edge (see sketch ( c ) ) .  Sketch ( e )  
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Farther downstream, a t  t h e  s t a t i o n  
has closed, r e su l t i ng  i n  higher dynamic pressures and Mach numbers. 

x/c = 1.10 t h e  separated region 

- I n  f igures  19 through 22 a r e  shown the  downwash, sidewash, dynamic 
For 6' pressure, and Mach number contours behind the  t r i a n g u l a r  wing. 

annle of at.t.Rrk the k~.x,;s~h %id aidewash var ia t lons  between t h e  t r a i l i n g -  
edge waves ind ica te  the  presence of v o r t i c i t y .  
behind t h e  t r a i l i n g  edge a t  20° and 30° angles of a t t a c k  ind ica t e  t h e  
poss ib i l i t y  of  flow separat ion.  
accurate flow measurements . 

The low dynamic pressures 

I n  t h i s  region it i s  d i f f i c u l t  t o  ob ta in  

THEORETICAL METHODS 

There are th ree  well-known methods ava i lab le  f o r  predict ing t h e  
flow f i e l d  behind wings a t  supersonic speeds : 

1. Two-dimensional shock-expansion theory.  
2. Linearized wing theory.  
3. Vortex theory.  

rn 
A descr ipt ion of each theory and the  method by which each i s  appl ied i s  
discussed i n  t h e  following sect ions.  

ShockTExpans i on Theory 

For a rectangular wing t h e  region outs ide t h e  influence of t h e  t i p s  
i s  two-dimensional. 
region can be predicted by shock-expansion theory which i s  va l id  up t o  t h e  
angle of a t t ack  a t  which shock detachment occurs. 
these  t e s t s  t h e  angle of a t t a c k  a t  which shock-detachment occurs w a s  about 
24' a t  & = 2.46. I n  t h e  appl ica t ion  of t h e  theory t h e  following assump- 
t i o n s  are made: 

I n  t h e  absence of separation, t h e  flow f i e l d  i n  t h i s  

For t h e  wing used i n  

1. The in t e rac t ion  of t h e  Mach waves from t h e  curved wing surface 
with the  shock waves a t  t h e  leading and t r a i l i n g  edges i s  neglected. 

2 .  A t  t he  blunt  t r a i l i n g  edge t h e  flow from t h e  upper and lower 
surfaces  i s  assumed t o  r e tu rn  t o  t h e  free-stream di rec t ion .  A more exact 
calculation, which takes  i n t o  account t h e  presence of a s l i p  plane i n  t h e  
wake, has shown t h a t  t h i s  assumption i s  v a l i d  i n  t h e  present appl ica t ion  
s ince  the s l i p  plane i s  inc l ined  only lo upward from t h e  f r e e  stream a t  

should be noted that, theo re t i ca l ly ,  t h e  upwash a t  t h e  t r a i l i n g  edge 
increases both with Mach number and with angle of a t t ack ,  so t h a t  i n  t h e  
case of a wing at l a rge  angles of a t t a c k  a t  high Mach numbers, t h e  present 
assumption may not be va l id .  

20' angle of a t t a c k  a t  t h e  Mach nuniber under consideration (2.46).  It \ 

,- 
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3 .  
i s  neglected. 

The presence of separat ion near t h e  t r a i l i n g  edge (see sketch ( c ) )  

I n  t h i s  report  t h e  shock-expansion theory i s  appl ied  a l s o  t o  t h e  
t r i a n g u l a r  wing. Since t h e  leading edge of t h e  wing i s  supersonic, each 
l o c a l  wing chord i s  t r e a t e d  as a two-dimensional a i r f o i l .  The r e s u l t i n g  
flow f i e l d  i s  then computed by t h e  conventional shock-expansion methods. 
S t r i c t l y  speaking, t h e  shock-expansion theory i s  not appl icable  t o  t r iangu-  
l a r  wings i n  t h i s  fashion because the  flow i s  not  two-dimensional. The 
method, however, might furnish a good approximation of t h e  downwash, Mach 
number, and dynamic-pressure var ia t ions because t h e  theory accounts f o r  
the  presence of shock waves and expansion waves which o the r  t heo r i e s  
neglect .  

Linearized Theory 

A l i nea r i zed  theory so lu t ion  f o r  t he  downwash and sidewash behind a 
rectangular  wing i s  presented i n  reference 4. For regions between t h e  
t ra i l ing-edge waves t h e  downwash can be evaluated only  by numerical 
i n t eg ra t ion  techniques s ince  no closed form so lu t ions  are ava i l ab le  a t  
t h i s  time. I n  t h e  vortex sheet.,  z = 0, t h e  numerical in tegra t ions  have 
been performed and t h e  downwash resu l t s  have been presented f o r  various 
sw.c.wri;e and s t r e a m i s e  s t a t i o n s  behind t h e  wing. For regions outs ide  
t h e  inf luence of t h e  t r a i l i n g  edge the downwash and sidewash so lu t ions  
a r e  presented i n  closed furili. I n  t h e  application cf l i n e a r l z n d  theory 
i n  these  regions, t h e  inoveinent of the 5ow waves with angle of a t t a c k  can 
be taken i n t o  account by choosing the corresponding poin ts  f o r  t h e  experi-  
mental and t h e o r e t i c a l  cornprisons by means of t h e  following r e l a t ionsh ip  
( see  sketch ( d ) ) :  

/Survey 

Theoretical wave pattern I 
I 

Sketch ( d )  
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This insures t h a t  f o r  t h e  a c t u a l  case t h e  following boundary conditions 
_-^  - - L - . - L - - - .  7 
U I C  a a u i a L l c u :  

1. On t h e  wing surface E = a 

2. A t  t h e  bow wave E = 0 

I n  applying t h i s  formula t h e  experimental posi t ions of t h e  bow waves i n  
t h e  region of two-dimensional flow were used. I n  t h i s  region t h e  pos i t ion  
of t h e  bow waves can a l s o  be predicted c lose ly  by shock-expansion theory. 
The downwash and sidewash i n  t h e  region of the  t i p  a r e  calculated by using 
t h e  constant value of obtained from t h e  method out l ined above i n  
t h e  l inear ized  theory.  

zmeor 

The l i n e a r i z e d  theory solut ions f o r  t h e  conical p a r t  of t h e  downwash 
and sidewash f i e l d  behind a t r i a n g u l a r  wing a r e  presented i n  references 5 
and 6. The r e s u l t s  a r e  presented i n  the form of char ts  f o r  various combi- * 
nations of leading-edge sweep angle and free-stream Mach number. I n  the  
region between the  t ra i l ing-edge waves, t h e  downwash and sidewash must be 
evaluated by other  techniques, such as t h e  l i f t  cancel la t ion method 
described i n  reference 4. 
of the  bow waves with angle of a t t a c k  can be taken i n t o  account i n  a man- 
ner s imilar  t o  t h a t  f o r  the  rectangular wing. 

.. 
I n  t h e  appl ica t ion  of t h e  theory the  movement 

Vortex Theory 

The use of l i n e  vortex theory t o  compute t h e  downwash and sidewash 
behind wings i n  supersonic flow o f f e r s  a convenient method f o r  approxi- 
mating the more exact l inear ized  wing theory solut ions between the  
t ra i l ing-edge waves. I n  reference 7, a method, which accounts f o r  t h e  
r o l l i n g  up of the  vortex sheet,  i s  out l ined f o r  computing t h e  downwash 
and sidewash behind wings and wing-body combinations by means of incom- 
pressible ,  i n f i n i t e - l i n e  vor t ices .  I n  references 2 and 8 t h e  d e t a i l s  f o r  
performing the downwash and sidewash calculat ions f o r  supersonic horse- 
shoe vortices a r e  presented. 

Vortex s t rengths  and pos i t ions . -  I n  appl ica t ion  of the  vortex theory 
\ 

t h e  wing loading i s  replaced with f i n i t e - s t r e n g t h  vor t ices .  The s t rengths  
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t r a i l i n g  vor t ices  a r e  determined by 
a stepwise approximation t o  e i t h e r  
t h e  t h e o r e t i c a l  o r  experimental span Ka 
loading (see  sketch ( e ) ) .  Since t h e  
area under the  span loading curve 
represents the  t o t a l  l i f t  of the  

r . 
- _ _  - - - 
------ 

. Y  - 
S 

Span loading and vortex models.- The comparisons of t h e  experimental 
and t h e o r e t i c a l  span loading for t h e  rectangular and t r i a n g u l a r  wings a r e  
shown i n  f igure  23. The experimental span loadings of t h e  present models 
a r e  reported i n  reference 9. For the  rectangular wing t h e  l i n e a r i z e d  
theory c lose ly  pred ic t s  the  span loading f o r  
t h e  loading f o r  h'or the triangular N i I i g  tiie tliei;i-y, lii general, 
overestimates t h e  span loading except for a, = 20° near y/s = 0. A t  
high angles of a t t a c k  t h e  loading on t h e  t r i a n g u l a r  wing tends t o  become 
l i n e a r  with y/s. The vortex models used f o r  predict ing t h e  flow f i e l d  
behind t h e  rectangular and t r i a n g u l a r  wings a r e  shown i n  f igures  24 and 
25. I n  each case, a single-horseshoe-vortex model i s  compared with a 
three-horseshoe-vortex model having equal s t rength  vor t ices  which more 
c lose ly  approximates the  loading on the wing. 
rectangular wing a t  6 O  angle of attack, t h e  downwash due t o  s i x - i n f i n i t e -  
l i n e  vor t ices  w a s  computed f o r  one value of z f o r  comparison with t h a t  
obtained using t h e  horseshoe-vortex models. 
pos i t ion  of t h e  vor t ices  f o r  t h e  rectangular wing were w e l l  defined, 
t h e  t r a i l i n g  vortex f o r  the  single-horseshoe-vortex model w a s  placed a t  
t h e  known spanwise posi t ion.  
as t o  account f o r  t h e  t o t a l  l i f t  of the wing. 

a = 60 but  underestimates 
a = 20". 

I n  addi t ion,  f o r  the  

Since t h e  experimental 

The strength of t h e  vortex w a s  chosen s o  
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? The s t rengths  and posi t ions of t h e  vor t ices  based upon both t h e  

For  t h e  rectangular wing a t  60 angle of a t tack ,  it makes lit.t.1~. 
experimental and t h e o r e t i c a l  span loadings a r e  shown i n  f igures  24 and 
25. 

of t h e  vor t ices  a r e  changed only s l i g h t l y ,  but  the  s t rengths  a r e  approxi- 
mately16 percent higher when t h e  measured span loading i s  used i n  -plat-- 
or %nat given by theory. 
t h e  measured and t h e o r e t i c a l  s t rengths  a r e  equal but t h e  corresponding 
posit ions of t h e  vor t ices  d i f f e r  s l i g h t l y .  For t h e  t r i a n g u l a r  wing a t  
20' angle of a t t a c k  no v a l i d  data were obtained i n  t h e  region where vortex 
theory was appl icable .  Therefore, t h e  vortex models obtained with the  
experimental and t h e o r e t i c a l  span loadings a r e  not compared a t  t h i s  angle 
of attack. The downwash and sidewash i n  the wakes of both wings are com- 
puted using t h e  t h e o r e t i c a l  span loading and a r e  compared with experiment. 
It i s  in te res t ing  t o  note t h a t  calculat ions based on t h e  experimental 
span loadings do not improve the  accuracy of t h e  predict ions.  

difference which loading i s  used. A t  20° angle of a t t a c k  t h e  posi t ions " 

For the  t r i a n g u l a r  wing a t  6' angle of a t t a c k  

Displacement of vortex sheet . -  I n  the  computations of t h e  downwash 
using horseshoe vor t ices  t h e  downward displacement of t h e  vortex sheet 
w a s  taken i n t o  account by placing t h e  horseshoe vortices i n  t h e  approxi- 
mate x-y plane of t h e  experimental center of v o r t i c i t y .  This center  
i s  defined t o  be t h e  point a t  which the  downwash and sidewash simulta- 
neously go t o  zero. I n  t h e  appl icat ion of the  inf in i te - l ine-vor tex  
theory, the  i n i t i a l  vortex s t rengths  and posi t ions were determined from 
t h e  span loading, as described e a r l i e r .  The methods out l ined i n  r e f -  
erence 7 were used t o  determine t h e  vortex paths downstream t o  t h e  plane 
a t  which t h e  downwash w a s  desired.  

1 

- 

T a i l  Loads 

The l i f t  coef f ic ien t  of a t a i l  i n  t h e  wake of a wing i s  shown i n  
reference 10 t o  be - 

where K i s  a constant taken equal t o  1.0 f o r  t h e  present appl icat ion.  
I f  ? i s  a l i n e a r  function of a,t and i s  zero a t  cy, = 0, t h e  equation 
can be writ ten 



The r a t i o  
For a rectangular t a i l  f ly ing  a t  supersonic speeds t h e  l i f t - c u r v e  slope 
from l inear ized  theory i s  

C k '  /CL* can be thought of  as a measure of t a i l  effectiveness.  

where 
and dynamic-pressure changes a r e  small t h e  effect iveness  becomes 

= c l .  For small angles of a t t a c k  where t h e  Mch number 

The mean values o f  the measured downwash, dynamic pressure, and Mch 
number obtained by graphical integrat ion a r e  used t o  determine t h e  
experimental effectiveness.  The theore t ica l  effect iveness  i s  determined 
by using shock-expansion theory t o  o b t a i n  t h e  desired flow quant i t ies .  

DISCUSSION 

Rectangular Wing 

I n  f igures  26 through 31 are shown t h e  comparisons of t h e  measured 
downwash, dynamic pressure, and Mach number with predictions of shock- 
expansion theory a t  both longitudinal s t a t i o n s .  I n  general, the  theory 
predic t s  the experimental trends and even t h e  magnitude of these  quan- 
t i t i e s  w i t i i  ?sir azzurscy except i n  the  region g r e a t l y  influenced by 
the  t i p  o r  i n  the viscous wake. ,It i s  important t o  note t h a t  f o r  some 
wings of high e f fec t ive  aspect ratio t h e  grea te r  port ion of t h e  f l o w  
f i e l d  may be two-dimensional and can, i n  general, be predicted reasonably 
w e l l  by shock-expansion theory.  

The measured downwash a t  both longitudinal s t a t i o n s  i s  compared with 
vortex theory, l inear ized  theory, and shock-expansion theory i n  f igures  32 
through 34. For the  region between t h e  t ra i l ing-edge waves, vortex theory 
i s  used. 
o r  shock-expansion theory i s  used. 

Outside t h e  influence of the t r a i l i n g  edge, l inear ized  theory 

The measured downwash i n  t h e  plane x/c = 0.56 outside t h e  region 
of' influence of the t ra i l ing-edge i s  compared with l inear ized  theory and 
shock-expansion theory i n  f igure  32. Generally, t h e  downwash i s  predicted 
with f a i r  accuracy by l inear ized  theory. Outside t h e  region of t h e  t i p s ,  
where it i s  applicable,  shock-expansion theory can be used t o  improve t h e  
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accuracy somewhat. 
t h e  wing t r a i l i n g  edge) t h e  region between t h e  t ra i l ing-edge waves w a s  
small compared t o  t h e  s i z e  of t h e  conical  probes used f,c --------- l l l c ~ ~  ure the 
fiow f i e ld ;  therefore  accurate  measurements were impossible. For t h i s  
reason no comparison i s  made with vortex theory between t h e  t r a i l i n g -  
edge waves. 

A t  t h i s  s t a t i o n  (which w a s  only 1/4 inch behind 

The measured downwash i n  the  plane x/c = 1.10 i s  compared with 
shock-expansion theory, l inear ized  theory, and l ine-vortex theory i n  
f igures  33 and 34. 
edge the agreement between theory and experiment i s  about t h e  same as 
t h a t  noted above f o r  s t a t i o n  For t h e  region influenced 
by t h e  t r a i l i n g  edge, a single-horseshoe-vortex model can be used t o  
pred ic t  the  trends but not t h e  magnitude of t h e  downwash. 
a three-horseshoe-vortex model (neglecting chordwise loading) o r  a 
three-bent-horseshoe-vortex model (including chordwise loading) provides 
a small improvement i n  accuracy over t h e  method using a single-vortex 
model. A t  60 angle of a t t a c k  f o r  ( z  - zv)/s = 0.10 t h e  i n f i n i t e -  
l ine-vortex theory does not adequately pred ic t  t h e  downwash var ia t ion  
inboard of t h e  t i p .  For t h i s  reason no calculat ions were performed f o r  
20' angle of a t t a c k .  
l ine-vortex theory may predict  t h e  downwash more closely.  The experi-  
mental downwash var ia t ions i n  t h e  vortex region a t  30' angle of a t t a c k  
a r e  not compared with theory because of t h e  questionable nature of t h e  
data .  

Outside the  region of influence of the  t r a i l i n g  

x/c = 0.56. 

Using e i t h e r  

For s t a t i o n s  f a r t h e r  downstream t h e  i n f i n i t e -  

The comparisons of t h e  measured and predicted sidewash a r e  shown 
It can be seen t h a t  t h e  agreement between i n  figures 35, 36, and 37. 

theory and experiment i s  generally f a i r  with b e t t e r  agreement above 
than below t h e  vortex core. 
usual ly  predictions based upon three-horseshoe vor t ices  show l i t t l e  
improvement over those based upon a single-horseshoe vortex. 
t ioned previously, t h e  t h e o r e t i c a l  span loading w a s  used t o  determine 
t h e  strengths and posi t ions of the  vor t ices .  For t h e  rectangular wing 
a t  6' angle of a t t a c k  t h e  vortex models obtained by using e i t h e r  t h e  
theore t ica l  o r  experimental span loading a r e  c lose ly  similar i n  regard 
t o  strength and posi t ion.  For t h i s  case t h e  differences i n  t h e  r e s u l t i n g  
downwash and sidewash can be deduced t o  be small. A t  20° angle of' a t t a c k  
there  w a s  l i t t l e  difference i n  the  posi t ions of t h e  vor t ices  computed 
from e i ther  loading, but t h e  s t rengths  obtained from t h e  measured span 
loading were approximately 15 percent higher than those calculated from 
t h e  theore t ica l  loading. This increase i n  s t rength  does not, i n  general, 
improve the agreement between the  t h e o r e t i c a l  and t h e  experimental down- 
wash and sidewash. \ 

Also, it i s  i n t e r e s t i n g  t o  note t h a t  

A s  was men- 

It has been shown t h a t  t h e  shock-expansion theory predic t s  t h e  
downwash, dynamic pressure, and Mach number c lose ly  i n  some regions 
of the  f l o w  f i e l d .  I n  other  regions t h e  t rends of downwash and sidewash 

-. 
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can be predicted by vortex theory and l inear ized  theory. 
a r e  shown the  regions i n  which t h e  various theor ies  appear t o  furnish 
c loses t  approximations t o  the  measured flow charac te r i s t ics .  I n  t h e  
r ~ g t c x  mar t.he shock wave Trom t'ne leading edge cf t h e  wing none of 
these  theories  predict  t h e  experimental var ia t ions  ol' the fiow ijiiarltitlts . 

I n  sketch ( f )  

Triangular Wing 

I n  f igures  38 through 40 a r e  shown t h e  comparisons of t h e  measured 
downwash, Mach number, and dynamic pressure with shock-expansion theory. 
The downwash outside t h e  influence of t h e  t ra i l ing-edge has a l s o  been 
compared with the  l inear ized  theory of reference 3 .  Because of t h e  
tediousness of t h e  numerical integrations,  t h e  l i n e a r i z e d  theory was 
not computed f o r  points  ins ide  t h e  trail ing-edge waves. I n  general, t h e  
shock-expansion theory predic t s  the  var ia t ions  of these  quant i t ies  f a i r l y  
c lose ly  except i n  t h e  region between t h e  t ra i l ing-edge waves. Outside 
t h e  influence of t r a i l i n g  edge t h e  l inear ized theory predicts  t h e  down- 
wash var ia t ions  with f a i r  accuracy above t h e  wing but not below t h e  wing. 
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The measured downwash i n  the  region between t h e  t ra i l ing-edge waves 

z = ZV, vortex theory based on a single-horseshoe vortex does 
i s  compared with vortex theory i n  f igure  41 f o r  a = 6 O .  

IIvv u c y u a b e ~ ~  predict  the  downwash. For points  removed from t h e  plane - 
For points  i n  % 

t h e  plane 

of t h e  vortices [ ( Z - Z V ) / S  = -0.1231 t h e  theory based on a s ingle-  
horseshoe vortex predic t s  the  downwash f a i r l y  c losely.  The theory based 
-~ - - -  vrrrLL--IIVI D c a l ~ ~ ~  vuriices prea lc t s  the downwash with somewhat b e t t e r  
accuracy than t h a t  based on a single-horseshoe vortex.  I f  the’experimen- 
t a l  ra ther  than the t h e o r e t i c a l  span loading were used t o  determine t h e  
vortex strengths and posi t ions,  t h e  s t rengths  would remain unchanged (see  
f i g .  23), but the  t r a i l i n g  port ion of t h e  vor t ices  would l i e  f a r t h e r  
inboard. Theoretical  downwash calculat ions based upon t h e  experimental 
span loading do not improve t h e  agreement between theory and experiment. 
No comparison with theory i s  made f o r  a = 20’ since no v a l i d  data were 
obtained a t  t h i s  angle of a t t a c k  between t h e  t ra i l ing-edge waves. 

aA-””..L - 7  -- 

,,nnn +I.,--,. I----- - - 7 -  - 

The comparisons of t h e  measured sidewash with t h e  l i n e a r i z e d  theory 
of reference 7 a r e  shown i n  f igure  42. The theory predicts  t h e  experi-  
mental trends of  sidewash f o r  points above t h e  extended chord plane but 
not below. I n  general, the  theory does not give good quant i ta t ive  agree- 
ment w i t h  t h e  experimental measurements. 

T a i l  Loads 

The measured downwash, Mach number, and dynamic pressure i n  t h e  
wake of the rectangular wing a t  
effectiveness,  C L ~ ’ / C L ~ ,  of a hypothetical  t a i l  placed a t  various 

heights above and below the  chord plane of t h e  wing. The aspect r a t i o  
of t h e  t a i l  w a s  chosen t o  be equal t o  t h a t  of t h e  wing, and t h e  span 
t o  be 70 percent of t h e  wing span. 
computed using shock-expansion theory t o  determine t h e  required flow 
quant i t ies .  
obtained using t h e  experimental measurements i s  shown i n  f igure  43. The 
e f f e c t  of neglecting t h e  changes i n  dynamic pressure and Mach number i n  
t h e  theore t ica l  calculat ions i s  shown. It can b e  seen t h a t  f o r  t h e  case 
investigated the  var ia t ions  i n  t a i l  effectiveness a r e  predicted with 
suf f ic ien t  accuracy f o r  most engineering appl icat ions by using only t h e  
theore t ica l  downwash. L i t t l e  improvement i n  accuracy i s  obtained by 
inclusion of the  e f fec ts  of t h e  predicted var ia t ions  of dynamic pressure 
and Mach number i n  t h e  calculat ions.  

x/c = 1.10 w e r e  used t o  evaluate the  

The t h e o r e t i c a l  effect iveness  w a s  

The comparison of the  t h e o r e t i c a l  effect iveness  with t h a t  



3Y 17 

CONCLUDING RFMARKS 

. 
! 

An inves t iga t ion  was conducted t o  determine t h e  d e t a i l e d  flow f i e l d  
behind a rectangular and a t r i angu la r  wing both of aspect  r a t i o  2, and 
t o  a s ses s  the  extent  of a p p l i c a b i l i t y  of ex i s t ing  theo r i e s  i n  pred ic t ing  
t h e  measured quan t i t i e s .  
of 2.46, Reynolds number of 3.12 mill ion pe r  foot ,  and angles of a t t a c k  
up t o  30'. 
dynamic pressure,  and Mach number, with predict ions of var ious theo r i e s  
i nd ica t e s  t h a t ,  generally,  these quant i t ies  can be predicted with s u f f i -  
c i en t  accuracy f o r  most engineering appl icat ions f o r  angles of a t t a c k  
up t o  20°. 
rectangular  wing by comparison of  t h e  ca lcu la t ions  of e f fec t iveness  
of a hypothet ical  t a i l  based upon both t h e  measured and predic ted  flow 
quan t i t i e s .  

The measurements were made a t  a Mach number 

Comparison of t h e  measured quan t i t i e s ,  downwash, sidewash, 

The above statement w a s  fur ther  subs tan t ia ted  f o r  t h e  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  C a l i f . ,  Feb. 16, 1959 
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( a )  Rectangular wing. 

- 
S 

(b)  Triangular wing. 

Figure 23.- Comparison of experimental and t h e o r e t i c a l  span loading. 



46 

I 
I 

Vortex model using theoretical loading 
,, ....A-. 

+--- V U ~ I ~ X  moaei using experimental loading 

I _----------- 

. n  . I l l  \ 

( c ) T h  A T  eor ~3.24 (6)Ex;3.20 

I 1  
I 1  
1 1  
1 1  ' I  
! I  

I I  
I I  

1 1  
I 1  

I '  
I I  
I I  

(s)Theo ; 3.55 ( - ) E x ;  3.60 

experimental spanwise position 

(a )  a = 6' 

Figure 24.- Comparison of vortex models obtained using t h e o r e t i c a l  and 
experimental span loading; rectangular wing. 



Vortex model using theoretical loading 

---- Vortex model using experimental loading 

I 
/;Vortices coincident - 

experimental spanwise position 

(b) a = 20 0 

Figure 24. - Concluded. 
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Figure 25.- Comparison of  vortex models obtained using t h e o r e t i c a l  and 
experimental span loading; t r i a n g u l a r  wing; a, = 6O. 
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* - Experiment 
-- - Shock-expansion theory 

(a) x/c = 0.56 

Figure 26.- Comparison of measured downwash behind rectangular wing with 
shock-expansion theory; a = 6O. 
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Figure 29. - Comparison of measured dynamic pressure behind rectangular  
wing with shock-expansion theory; a = 20°, 
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Figure 35.- Comparison of measured sidewash behind rectangular wing 
with theory; x / c  = 0.56. 
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theory; x/cR = 0.55. 
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